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Abstract
Author Manuscript

A 193 nm wavelength deep ultraviolet laser was used for ambient laser ablation electrospray
ionization mass spectrometry of biological samples. A pulsed ArF excimer laser was used to
ablate solid samples and the resulting plume of desorbed material merged with charged
electrospray droplets to form ions that were detected with a quadrupole time-of-flight mass
spectrometer. Solutions containing peptide and protein standards up to 66 kDa molecular weight
were deposited on a metal target, dried, and analyzed. No fragmentation was observed from
peptides and proteins as well as from the more easily fragmented vitamin B12 molecule. The mass
spectra contained peaks from multiply-charged ions that were identical to conventional
electrospray. Deep UV laser ablation of tissue allowed detection of lipids from untreated tissue.
The mechanism of ionization is postulated to involve absorption of laser energy by a fraction of
the analyte molecules that act as a sacrificial matrix or by residual water in the sample.
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Introduction
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Ambient mass spectrometry involves the formation of ions outside the mass analyzer
without sample preparation.1–4 Ions are formed when ions or charged droplets impinge on
the sample or when a pulsed laser is used to ablate material that then interacts with charge
carriers to form ions. Charge to surface ionization can be accomplished using an
electrospray ion source directed at a solid sample as with the technique known as desorption
electrospray ionization (DESI).5 Alternatively, ions can be formed by metastable chemical
ionization as with direct analysis in real time (DART)6 when reagent ions are directed at a
solid sample. Laser ablation ambient mass spectrometry facilitates removal of sample
material from small spots that are a fraction of a millimeter in diameter. The laser ablated
material can be directly ionized by infrared laser7–9 and femtosecond laser matrix-free
ionization.10 An alternative approach is laser post-ionization, a two-step process where the
ablation of sample material is followed by post ionization by inductively coupled plasma,
11–13 chemical ionization,14,15 photoionization,16 or electrospray ionization.17–20
A variety of wavelengths and pulse energies have been used for ambient laser ablation mass
spectrometry. An approach called electrospray-assisted laser desorption/ionization (ELDI)
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uses a 337 nm pulsed nanosecond nitrogen laser combined with electrospray post-ionization
and was the first laser ambient method to detect intact proteins.18 The matrix-assisted laser
desorption electrospray ionization (MALDESI) technique uses a matrix of the type used in
matrix-assisted laser desorption ionization (MALDI) to enhance material removal with UV
laser ablation.19 Infrared lasers can be used to ablate material by absorption of vibrational
energy by the sample. An early example is the use of a 10.6 µm CO2 laser to ablate
biomolecules for chemical ionization.14 Mid-IR lasers can be used to excite the OH stretch
of water and other compounds containing OH and NH groups. Several configurations have
been used to couple nanosecond IR laser ablation with electrospray21–23 which is most often
referred to as laser ablation electrospray ionization (LAESI). Mid-IR lasers has been used
with chemical ionization to form a technique known as infrared laser ablation metastableinduced chemical ionization (IR-LAMICI).24 These mid-IR ablation methods are efficient at
ablation of many types of samples using endogenous water as the matrix.
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Picosecond and femtosecond lasers have also been used for laser ablation coupled with
electrospray ionization. An 800 nm 75 fs pulsed laser was used to ablate material for
ionization by electrospray in laser electrospray mass spectrometry (LEMS).25 The advantage
of the fs laser is that it provides efficient ablation without requiring resonant absorption. A
2.88 µm wavelength and 80 ps pulse width a high peak power infrared laser was coupled
with electrospray for pulsed infrared laser ablation electrospray ionization (PIR-LAESI).26
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The use of lasers with wavelengths in the deep ultraviolet region (ca. 200 nm) and beyond
for biological mass spectrometry has been reported recently. For example, a Nd:YAG laser
fifth harmonic at 213 nm wavelength was used with direct analysis in real time (DART)
ionization for ambient mass spectrometry imaging of intact small molecules and metabolites
in tissue.27 Three-dimensional imaging of intact molecules up to 500 m/z has also been
demonstrated using a 47 nm soft X-ray laser for both desorption and ionization.28 A 193 nm
excimer laser was used for ablation of tissue treated with heavy-metal tagged antibodies and
post ionized with inductively coupled plasma mass spectrometry.29,30 These short
wavelength lasers can be focused to small spot sizes for efficient ablation31 with minimal
thermal damage to adjacent areas of the sample.32 The short wavelength pulses is absorbed
by a broad range of compounds. Despite these advantages,31 deep UV pulsed laser ablation
has been limited in application to atoms and small molecules.
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In this work, a pulsed nanosecond 193 nm laser was used to demonstrate laser ablation
electrospray ionization mass spectrometry of intact biomolecules. Samples were deposited
on a metal target held a few millimeters below the inlet of a hybrid quadrupole time-of-flight
mass spectrometer with an electrospray emitter held at the same height as the mass
spectrometer inlet. The laser ablates material from the sample that is entrained in the cone of
the electrospray tip, which results in highly charged molecules. The system was used to
demonstrate the detection of intact peptides and proteins from pure compounds and lipids
from tissue samples.
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The configuration used for deep-ultraviolet laser ablation coupled with electrospray is
similar to that reported previously for infrared laser ablation;22 a diagram of the deep
ultraviolet laser ablation electrospray ionization (DUVLA-ESI) ion source is shown in
Figure 1. A quadrupole time-of-flight mass spectrometer (QSTAR XL, Applied Biosystems,
Framingham, MA) was used with the nanoelectrospray ion source and custom spray tip. A
193 nm ArF excimer laser (OPTex, Lambda Physik, Fort Lauderdale, FL) was used at a
repetition rate of 5 Hz. The laser was mounted on an optical breadboard adjacent to the ion
source. The laser beam was directed onto the sample target using UV fused silica right-angle
prisms and was focused with a 10 mm focal length calcium fluoride lens to a 450 × 200 µm
spot. A 4 × 1 cm stainless steel sample target was mounted 5 mm below and 4 mm away
from the mass spectrometer inlet. The laser incidence angle was 60º from the target surface
normal and a laser fluence of 11 kJ/m2 was used for all experiments unless otherwise
indicated. The electrospray emitter was made from a 50 µm ID, 360 µm OD fused silica
capillary (Polymicro Technologies, Phoenix, AZ, USA) pulled manually after exposing it to
the flame of a butane torch to a ca. 10 µm diameter tip. The tip was placed 8 mm from the
mass spectrometer inlet. An equal volume mixture of methanol and water containing 0.1%
aqueous trifluoroacetic acid was infused through the capillary at a flow rate of 1 µL/min
with a syringe pump (Cole-Parmer, Vernon Hills, IL, USA). A potential of 5.5 kV was
applied to the emitter.
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Human angiotensin II, bradykinin acetate salt, bovine insulin, cytochrome c from equine
heart, hemoglobin, ubiquitin, myoglobin, bovine serum albumin (BSA) and LC-MS grade
water were purchased from Sigma-Aldrich (St Louis, MO, USA). Trifluoroacetic acid
(99.5%, LC-MS grade) was obtained from Thermo Fisher Scientific (Waltham, MA, USA)
and methanol (LC-MS grade) was purchased from EMD Millipore (Burlington, MA, USA).
Baseline correction and data point reduction of acquired mass spectra were achieved using a
LabVIEW routine. The B-spline algorithm was used to calculate the spectrum baseline while
data reduction was achieved by averaging.
Analytes were dissolved in water to a concentration of 1 mg/ml and insulin solutions
contained 0.1% TFA to facilitate dissolution. The samples were vortexed until complete
dissolution. A 10 µL aliquot of each sample was deposited onto the target by pipette and
vacuum dried. For conventional ESI analysis, each solution was further diluted with 1:1
methanol/water 0.1% TFA solution to achieve the desired concentration.
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Brain tissue was collected from 6 weeks old rats using procedures approved by the LSU
Institutional Animal Care and Use Committee (IACUC) at the LSU School of Veterinary
Medicine, Division of Laboratory Animal Medicine (DLAM). The animals were sacrificed
via carbon dioxide exposure (5 psi) according to the American Veterinary Medical
Association (AVMA) guidelines for the euthanasia of animals. The tissue was removed and
immediately frozen with liquid nitrogen. 50 µm thick tissue sections were thaw-mounted on
a microscope slide at −20°C using a cryostat (CM 1850, Leica Microsystems, Wetzlar,
Germany) and stored at −80°C prior to use. Mounted tissue sections were thawed and
vacuum dried for 10min prior to sampling.
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Initial experiments were conducted using peptide standards. Angiotensin II dried droplet
samples were ablated at 193 nm and the plume was intercepted by the ESI spray producing
spectra with singly and doubly charged ions. The entirety of the sample in the irradiated spot
was completely ablated after about 20 laser shots. Mass spectra of angiotensin obtained by
UV laser ablation electrospray and conventional electrospray are shown in Figure 2. The
mass spectrum in Figure 2a results from a single acquisition mass spectrum of 193 nm
ablation of angiotensin II after ca. 5 seconds of laser irradiation. The analyte signal lasted for
3 seconds after the onset of the laser ablation as shown in the total ion signal recorded
during the experiment (Figure S1). A conventional electrospray mass spectrum of
angiotensin from infusion of a 50 µM angiotensin II solution is shown in Figure 2b. The
spectra are similar except for larger Na+ and K+ peaks in the DUVLA-ESI mass spectrum.
Some nozzle-skimmer fragmentation denoted with asterisks is observed in both spectra.
Sample mass spectra could only be obtained with the combination of electrospray and laser.
When the laser was operated without the electrospray or the electrospray without the laser,
no peaks corresponding to protonated analyte molecules were detected (Figure S1).
Experiments using bradykinin peptide were also performed (Figure S2) and confirmed the
results obtained with angiotensin II.
Vitamin B12 has been used as a thermometer molecule with various ionization techniques.
Mass spectra of DUVLA-ESI performed on a dried droplet sample of vitamin B12 and
conventional ESI infusion of the same solution are shown in Figure 3. Figure 3a shows the
mass spectrum obtained from ca. 8 nmol of vitamin B12 using DUVLA-ESI and Figure 3b
show the mass spectrum obtained from infusion of a 50 µM solution of vitamin B12. The
base peak is the doubly-protonated molecule in both mass spectra and there is no substantial
difference in observed peaks. A peak corresponding to the loss of the cyano group (doublycharged) was detected in both the DUVLA-ESI and ESI spectra, likely due to nozzleskimmer dissociation. These results are consistent with those obtained by ESI and infrared
laser ablation electrospray of vitamin B12.37 DUVLA-ESI appears to be as soft an ionization
technique as ESI and does not induce fragmentation of vitamin B12 as observed with
MALDI,34–36 fast atom bombardment,38 or plasma desorption mass spectrometry.39
33–36
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Figure 4 shows the spectra of proteins insulin, myoglobin and albumin obtained using
DUVLA-ESI from dried droplet samples containing 10 µL of 1mg/ml solution of each
protein. All proteins were detected as the multiply protonated intact molecule with no
fragmentation detected and no significant difference in the mass spectra compared to
conventional electrospray (Figure S3). Figure 4b shows a mass spectrum obtained after
ablation of myoglobin. The heme group was detected as a separate singly charged ion.
Infusion of 5 µM myoglobin solution (Figure S3) produced a similar spectrum with the
heme group lost as well. Similar results with the heme group detected as a singly charged
ion has been observed following laser induced desorption and electrospray ionization of
myoglobin.40,41 Results were obtained using protein standards cytochrome c and
hemoglobin; their respective spectra are shown in Figure S4.
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The DUVLA-ESI approach was further tested using a rat brain tissue section mounted on a
microscope slide. Figure 5 shows a representative spectrum obtained from irradiation of an
area in the frontal cortex region of the brain. Several peaks between 100 – 900 m/z were
detected and identified as phospholipids based on searches performed on the Lipid MAPS
database42 using the recorded m/z. The dominant peak at m/z 760.638 corresponds to
protonated PC (34:1) which is a major lipid in rat brain tissue.43,44 The presence of the peak
at m/z 577.564 is attributed to the loss of phosphocholine from the PC (34:1). Other
prominent protonated ion peaks were observed at m/z values of 734.6, 788.6, 806.6, 810.7
and 834.7, corresponding to PC (32:0), PC (36:1), PC (36:6), PC (38:6), and PC (40:6),
respectively. The detected phospholipids are consistent with those observed from rat brain
tissue using matrix-assisted laser desorption (MALDI)44 and laser ablation electrospray
ionization (LAESI)17 mass spectrometry. The phosphocholine ion at m/z 184.101 is
typically detected during collision induced dissociation of phospholipids,43,44 which further
confirms the identity of the detected peaks. This peak is attributed to in source fragmentation
in the orifice-skimmer region of the mass spectrometer that induces a CID-like dissociation.
45
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The potential absorbers of the 193 nm irradiation are the analyte, residual water in the
sample or tissue, or the sample target. The absorption length of the pure protein (ca. 0.2 µm)
and tissue (ca. 1 µm)46–48 is small compared to the sample thickness (50 µm for tissue and
ca. 1 µm for the protein films) which suggests that the sample target does not absorb the
laser energy. Further, DUVLA-ESI has been demonstrated with a range of target materials
including glass microscope slides with similar results. Proteins have high absorption at 193
nm due to the π→π* electronic transition of peptide backbone near 190 nm,48–51 and
phosphatidylcholine molecules detected in the DUVLA-ESI analysis of tissue (Figure 5)
absorb 193 nm radiation.52 Thus, the analyte itself may absorb a significant fraction of the
laser energy. Whereas the irradiated molecules may fragment, it may be possible that their
energy absorption leads to material ejection as a form of “sacrificial matrix”, which has been
suggested as a mechanism of IR ablation.53 Water at room temperature has an absorption
coefficient of about 0.1 cm−1 at 193 nm, but when heated the peak absorption shifts from its
peak at 163 nm to longer wavelengths due to disruption of hydrogen bonding.54 When
heated to a volumetric energy density of 3000 J/m3 the 193 nm absorption increases to
12,000 cm−1. This effect is similar to the thermal bootstrap effect that has been observed for
infrared laser ablation of biomolecules.55–57 As the system is heated, the absorption
increases leading to greater energy absorption. Thus, in addition to analyte absorption,
absorption of the laser energy by water may be a factor in the ablation process.
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The 8 ns pulse width of the 193 nm laser is shorter than the time for thermal diffusion which
is on the microsecond time scale for µm optical penetration depths.46 In this case, the system
is in the thermal confinement regime.58,59 The system will be in stress confinement if the
optical penetration depth is greater than the distance that a pressure wave travels during the
laser pulse. The characteristic time for stress confinement is approximately 20 ns in tissue at
193 nm.46 A large increase in optical absorption at 193 nm due to thermal bootstrap could
move the system outside of the pressure confined regime, resulting in less stress in the
sample and a less violent ejection of material compared to the infrared. In addition, 193 nm
ablation can lead to bond breakage and bubble nucleation from the gases produced by the
J Mass Spectrom. Author manuscript; available in PMC 2020 March 01.
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photochemical decomposition of the sample.46 These gases can reduce the effects of phase
explosion by providing nucleation sites and reduce the effects of superheating and
volumetric boiling. Thus deep-UV ablation can be a physically less violent process
compared to mid-IR ablation.
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The lack of biomolecule fragmentation observed suggests that the mechanism of material
ejection is based on absorption of the laser energy by some of the biomolecules in the
sample that photochemically decompose to form gases that serve as nucleation sites for
boiling. There may be an additional photothermal component assisted by the strong
absorption of water and a UV thermal bootstrap effect. It is likely that the plume of ejected
material contains a large quantity of small neutral particulate60,61 that may efficiently merge
with the spray of charged electrospray particles. The low optical penetration depth of the
deep UV laser leads to the production of smaller particles than other wavelengths.62 A large
number of small particles formed in this manner would be anticipated to efficiently merge
with the electrospray plume in the fused-droplet mechanism proposed for ELDI18 and
LAESI.21

Conclusions
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Laser ablation coupled with electrospray ionization of peptides and proteins was
accomplished using 193 nm deep ultraviolet laser ablation. The biomolecules were observed
intact with mass spectra indistinguishable from conventional electrospray. No fragmentation
was observed for vitamin B12 in contrast to that observed in matrix-assisted laser desorption
ionization. Laser ablation electrospray ionization of rat brain tissue at 193 nm allowed the
detection of intact phospholipids directly from the sample. The mechanism of ablation is
postulated to involve the absorption of laser energy by the analyte molecules themselves or
by water in the sample. Absorption by the biomolecules may involve a sacrificial matrix
mechanism in which some of the biomolecules absorbing the laser energy are fragmented
but the absorbed laser energy expels a large number of intact biomolecules that are ionized
and detected. A thermal bootstrap effect that has been previously reported to shift the water
electronic absorption into resonance with the 193 nm laser may be an additional component
of the laser energy absorption. Deep ultraviolet laser ablation provides opportunities to
create ions under ambient conditions with micrometer spatial resolution for mass
spectrometry with conventional optics and without the use of a matrix.
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Figure 1.

Schematic of the DUVLA‐ESI source: The ES tip is 8 mm away from the MS inlet and 5
mm above the target with the laser focus 4 mm from the tip
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Figure 2.

Mass spectra of angiotensin II acquired with A, 193‐nm DUVLA‐ESI and B, conventional
ESI using a 50‐μM angiotensin II solution
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Figure 3.

Mass spectra of vitamin B<sub>12</> acquired with A, 193‐nm DUVLA ESI and B,
conventional ESI using a 50‐μM vitamin B<sub>12</> solution
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Figure 4.

Mass spectra of A, insulin; B, myoglobin; and C, bovine serum albumin obtained with 193‐
nm DUVLA ESI
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Figure 5.

Representative DUVLA‐ESI mass spectrum of a rat brain tissue showing phosphocholine
(PC) at m/z 184.1; PC(34:1) fragment at m/z 577.6; PC(32:0) at m/z 734.616; D, PC(34:1) at
m/z 760.6; PC(36:1) at m/z 788.6; PC(38:6) at m/z 806.6; PC(38:4) at m/z 810.7; and H,
PC(40:6) at m/z 834.7
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